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Summary
The receptive field (RF) of single visual neurons un-
dergoes progressive refinement during development.
It remains largely unknown how the excitatory and
inhibitory inputs on single developing neurons are re-
fined in a coordinated manner to allow the formation
of functionally correct circuits. Using whole-cell volt-
age-clamp recording from Xenopus tectal neurons,
we found that RFs determined by excitatory and in-
hibitory inputs in more mature tectal neurons are spa-
tially matched, with each spot stimulus evoking bal-
anced synaptic excitation and inhibition. This emerges
during development through a gradual reduction in the
RF size and a transition from disparate to matched to-
pography of excitatory and inhibitory inputs to the
tectal neurons. Altering normal spiking activity of tec-
tal neurons by either blocking or elevating GABAA re-
ceptor activity significantly impeded the develop-
mental reduction and topographic matching of RFs.
Thus, appropriate inhibitory activity is essential for
the coordinated refinement of excitatory and inhibi-
tory connections.
Introduction
Synaptic connections undergo substantial refinement
during development, a process that is influenced by
spontaneous and experience-driven neuronal activity
(Constantine-Paton et al., 1990; Katz and Shatz, 1996;
Zhang and Poo, 2001; Debski and Cline, 2002). Previ-
ous physiological and morphological studies of de-
veloping Xenopus retinotectal system (Gaze et al.,
1974; Holt and Harris, 1983; Sakaguchi and Murphey,
1985; O’Rourke and Fraser 1990; Cline et al., 1996) have
shown that the progressive refinement of visual recep-
tive fields (RFs) of optic tectal neurons involves exten-
sive remodeling of neuronal connections in the tectum.
Extracellular recordings used in the previous studies
(Gaze et al., 1974; Holt and Harris, 1983), however,
could not resolve the changes in excitatory and inhibi-
tory connections on the tectal neuron. In the present
study, a whole-cell recording method was used to mon-
itor visually evoked synaptic inputs onto tectal neurons
and to examine the developmental changes of these
connections. In view of the fact that sensory stimulus-
driven excitatory and inhibitory inputs to a single neu-*Correspondence: mpoo@berkeley.edu
1Present address: Zilkha Neurogenetic Institute, USC Keck School
of Medicine, 1501 San Pablo Street, Los Angeles, California 90033.ron in the mature brain are often specifically correlated
(Anderson et al., 2000; Martinez et al., 2002; Monier et
al., 2003; Shu et al., 2003; Zhang et al., 2003; Wehr and
Zador, 2003), we have focused our attention on the spa-
tiotemporal relationship between excitatory and inhibi-
tory inputs in the developing Xenopus visual system.
We found that developmental refinement of RFs is ac-
companied by a progressive matching in the topogra-
phy and strength of excitatory and inhibitory connec-
tions made on single tectal neurons, a process that
depends critically on a proper level of GABAergic inhib-
itory activity.
Results
We first examined the excitatory and inhibitory synaptic
connections underlying visual RFs in the Xenopus re-
tinotectal system at different developmental stages. To
map the RF, we stimulated different retinal areas in a
pseudorandom sequence with square-shaped flash
stimuli, each representing a unit of an 8 × 7 grid that
covers a major portion of the retina (see Experimental
Procedures). Compound synaptic currents (CSCs)
evoked by each unit stimulus were monitored by the
perforated whole-cell patch recording, under two dif-
ferent clamping voltages corresponding to the reversal
potentials of glutamatergic and GABA/glycinergic syn-
aptic currents (Ee and Ei), respectively. Figure 1A shows
an example of those CSCs evoked by a unit stimulus
at the same location on the retina. When the cell was
clamped at Ei and Ee, fast inward glutamatergic cur-
rents and slow outward currents were recorded,
respectively (Figure 1A, top and bottom). The outward
currents were blocked by the application of bicuculline
in the tectum, and thus were mediated by GABAA re-
ceptors (Figure 1B). In this report, we refer to gluta-
matergic and GABAergic inputs as excitatory and in-
hibitory inputs, respectively, although the latter may be
depolarizing during early developmental stages (Mueller
et al., 1984; Ben-Ari et al., 1989; Luhmann and Prince,
1991; Chen et al., 1996; Owens et al., 1996). We found
that excitatory CSCs evoked by the visual stimulus
were followed by inhibitory CSCs (Figure 1C), with a
delay of 9.6 ± 5.3 ms (±SD, n = 20 cells, analyzed for
the “off” responses), consistent with the presence of
feedforward or feedback local GABAergic circuits
within the tectum, which have been observed at early
developmental stages (stage 40 and 41) (Zhang et al.,
1998; Zhang et al., 2000).
To examine the developmental refinement of RFs of
tectal neurons, we first mapped the tectal RFs in the
tadpoles of relatively mature stages. We displayed the
RFs determined by excitatory and inhibitory inputs by
color coding the magnitude of integrated charge of
stimulus-evoked excitatory or inhibitory CSCs mea-
sured within a defined time window after the termina-
tion of each unit stimulus (see Figure 1A and Experi-
mental Procedures). Figure 1D shows RFs determined
by excitatory and inhibitory synaptic inputs (eRF and
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cFigure 1. Mapping the Visual Receptive Field of Developing Xeno-
pus Tectal Neurons C
(A) Example traces of synaptic responses in a tectal cell, each
evoked by a square unit light stimulus (duration 1.5 s, thick line) p
and recorded at Vh = −45 and 0 mV, the reversal potential of inhibi- i
tory (Ei) and excitatory (Ee) synaptic currents for this particular cell, s
respectively. Dashed vertical lines delineate the window for meas-
uuring the integrated charge associated with the compound synap-
ftic currents (CSCs). Scale: 30 (upper)/40 pA, 250 ms. (B) Bicuculline
ereversibly blocked light stimulus-evoked outward currents re-
corded in the tectal cell (Vh = 0 mV). The stimulus was a 150 ms m
dimming stimulus (top trace). The synaptic response traces are i
average of five events before (top) and 5 min after (middle) local t
application of bicuculline (10 M) to the tectum and after washout t
of bicuculline (bottom). Scale, 25 pA, 250 ms. (C) Average of ten
sglutamatergic (red) and ten GABAergic (blue) CSCs repeatedly
devoked by the same unit stimulus (with the polarity of excitatory
eCSCs inverted). Note the delay of onset for the two types of CSCs.
Unit scale: 2(red)/5(blue) pA. (D) (Top) Traces of Off visual re- s
sponses, average of two repeats and displayed in accordance with p
the relative position of the corresponding unit stimulus, are shown t
for a tectal cell in a stage 48 tadpole. exc, glutamatergic CSCs
t(Vh = Ei); inh, GABAergic CSCs (Vh = Ee). (Bottom) Reconstructed
teRF and iRF, displayed with a linear color scale. Color of each ele-
iment in the grid represents the measured total charge (pC) of the
2corresponding CSCs shown above. (E) Similar display of RFs of a
cell from a stage 44 tadpole from the same batch as that shown r
in (D). t
i
a
iRF) in a neuron of a stage 48 tadpole. We found that c
eRF and iRF had similar shape and were closely a
matched in their spatial profiles. The centers of eRF a
and iRF, where the strongest synaptic responses were a
elicited, were close to each other. n
To further determine whether the close matching of c
eRF and iRF is an intrinsic property of developing cir- m
cuits or is established gradually during development, 0
we examined eRFs and iRFs of tectal neurons in tad- p
poles of different developmental stages. Figure 1E r
shows an example of evoked responses and recon- m
structed eRFs and iRFs of a tectal cell in a stage 44 c
tadpole. Compared with that of a stage 48 tadpole m
shown in Figure 1D (4 days older), these RFs were a
much larger in size (coveringw80% of the retina), con- t
sistent with diffuse connectivity during early develop-
ment. In addition, eRF and iRF exhibited distinctly dis- i
eparate spatial profiles, with separate RF centers.Examination of RFs from a large population of cells
uring stage 43 to 48 showed a progressive reduction
n the size of eRFs and iRFs with development (Figures
A–2C, top, and Figure 2D). As RFs became reduced in
ize, there was increasing spatial matching between
RF and iRF, as reflected by the changes in both the
opography and strength of excitatory and inhibitory in-
uts. At stage 43-44, two types of RFs showed sub-
tantial nonoverlapping topography (Figure 2A, top). No
ignificant correlation was found between the magni-
ude of the total charge of CSCs for each pair of excit-
tory and inhibitory CSCs evoked by the same unit
timulus (Figure 2A, bottom). With development, the
trength of excitatory and inhibitory inputs became
ore correlated (Figures 2B and 2C, bottom). Increased
patial matching of eRFs and iRFs was quantitatively
hown by a progressive reduction in the average dis-
ance between the centers of eRF and iRF (Figure 2E,
lank) and an increase in the average correlation coeffi-
ient for the magnitude of excitatory and inhibitory
SCs evoked by the unit stimulus (Figure 2E, gray).
To further characterize the synaptic changes accom-
anying the refinement of RFs, we analyzed the total
ntegrated synaptic conductance (ISC), defined as the
um of the integrated charges of CSCs evoked by all
nit stimuli covering the RF, normalized by the driving
orce (see Experimental Procedures). The total ISC for
xcitatory inputs showed a slight decline with develop-
ent (Figure 2F), with a small but significant increase
n the average ISC, defined as the total ISC divided by
he number of unit stimuli within the RF (Figure 2G). On
he other hand, the total ISC for inhibitory inputs
howed a substantial decrease, with a concomitant re-
uction in the average ISC (Figures 2F and 2G). For
xcitatory inputs, these observations suggest a sub-
tantial pruning of connections made by RGCs at more
eripheral regions of the RF and a strengthening of
hose connections made by RGCs at the emerging cen-
er of RFs. This is consistent with previous findings of
he pruning of developing retinogeniculate connections
n the mammalian visual system (Chen and Regehr,
000). Further recording of excitatory postsynaptic cur-
ents (EPSCs) in the tectal neuron by minimum stimula-
ion of RGC fibers in the contralateral retina (see Exper-
mental Procedures) indeed showed a larger mean
mplitude of unitary EPSCs in stage 47-48 tadpoles, as
ompared to that in stage 43-44 tadpoles (Figures 2H
nd 2I). For inhibitory inputs, on the other hand, there
ppeared to be both a pruning of peripheral inputs and
reduction in the strength of individual inhibitory con-
ections. Indeed, spontaneous IPSCs recorded under
onstant background illumination exhibited a reduced
ean frequency (4.2 ± 0.6 Hz, n = 8 for stage 44; 1.6 ±
.3 Hz, n = 9 for stage 47-48) and a reduced mean am-
litude in older tadpoles (Figure 2J). Taken together, our
esults suggest that two distinct forms of develop-
ental changes—pruning of connections and modifi-
ation of synaptic strength—contribute to the develop-
ent of a spatially matched topography of eRF and iRF
nd a balanced excitation and inhibition in more mature
ectal neurons.
In early stages of Xenopus development, inhibitory
nputs constitute the major part of visual stimulus-
voked responses (Figures 2F and 2G). There is evi-
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831Figure 2. Developmental Changes in the Topography of Excitatory
and Inhibitory Inputs to the Tectal Neuron
(A) (Top) Example eRF and iRF pairs for four tectal cells from stage
43-44 tadpoles. (Bottom) Correlation between the strength of excit-
atory and inhibitory inputs activated by the same unit stimulus.
Each data point represents the magnitude of CSCs charge for ex-
citatory input (normalized to the largest unit response of the same
cell) and the corresponding inhibitory input. Data points were from
eight cells including those shown above. Correlation coefficient =
0.10, calculated from those data points shown in the graph and
displayed by the red line. (B and C) Similar mapping and correlation
analysis for stage 46 (B) and 48 (C) tadpoles. Correlation coeffi-
cient = 0.43 (B) and 0.74 (C). (D) Average RF size at different stages
of development. RF area is defined as the percentage of the visual
area that covers all unit stimuli that consistently elicited responses.
Bar = SEM (n = 24–31 cells from seven to eight tadpoles in each
group). (E) Blank, the average distance between the centers of eRF
and iRF of the same cell. Gray, the average correlation coefficient,
which was calculated for excitatory and inhibitory responses from
each cell. Same group of cells as in (D). (F) Developmental changes
in the average total integrated synaptic conductance (ISC). The
total ISC for inhibitory inputs at stage 47 and 48 is significantly
smaller than at stage 43-44 (p < 0.01, t test). (G) Developmental
changes in the average ISC. The value for inhibitory inputs at stage
47 and 48 is significantly smaller than at stage 43-44, the value for
excitatory inputs at stage 48 is significantly larger than at stage 43-
44 (p < 0.01). (H) Example recording of unitary EPSCs using minimal
stimulation of RGC axons. Stimulation voltage applied to the loose
patch electrode placed on the retina was increased from 4 to 12 V
in 2 V steps. Unitary EPSCs were first obtained at 8 V. (Top) Super-
imposed traces of EPSCs (or failures) evoked by 8 V stimulation.
Scale, 20 pA, 5 ms. (I) Average amplitude of unitary EPSCs re-
corded from tectal cells (Vh = −70 mV) in stage 44 and stage 47-48
tadpoles. The value for each cell was determined from eight to tenputs during the refinement process.
measurements of EPSCs at a stimulation level 1.2- to 1.5-fold of
the threshold level for evoking EPSCs. (J) (Top) Example traces of
spontaneous IPSCs (Vh = 0 mV, under constant background light,
see Experimental Procedures) from tectal cells in a stage 44 (upper)
and stage 48 (lower) tadpole, respectively. Sample unitary sIPSCs
at a higher time resolution are shown on the right. Scale, 25 pA, 1 s
or 70 ms. (Bottom) Average cumulative distribution of unitary sIPSC
amplitudes (identified as isolated single IPSCs) from 5–10 min con-
tinuous recordings and at least 300 sIPSC events per cell from
stage 44 or 47-48 tadpoles.dence in mammalian primary visual cortex that GABA-
ergic transmission is essential for triggering the onset
of the critical period for ocular dominance plasticity
(Hensch et al., 1998; Huang et al., 1999; Hanover et al.,
1999; Fagiolini and Hensch, 2000). GABAergic activity
may also promote maturation of glutamatergic syn-
apses (Ben-Ari, 2002; Owens and Kriegstein, 2002). We
thus further examined the impact of inhibitory synaptic
activity on the refinement of RFs, using pharmacologi-
cal manipulations of GABAergic transmission in the
tectum. Chronic blockade of the GABAA receptor-medi-
ated activity was performed by daily injection of bicu-
culline, a specific blocker of GABAA receptors (see Ex-
perimental Procedures), into the ventricle of the tadpole
brain. Chronic augmentation of GABAergic transmis-
sion was also induced by daily injection of diazepam, a
drug that increases the open probability and channel
conductance of GABAA receptors in a use-dependent
manner (Macdonald and Olsen, 1994; Rogers et al.,
1994; Eghbali et al., 1997). The development of RFs of
treated tadpoles was examined at later stages. We
found that, at stage 48, the average size of both eRFs
and iRFs was significantly larger in either bicuculline-
or diazepam-treated tadpoles, as compared to un-
treated controls (Figures 3A and 3B). There was also a
reduced spatial matching between pairs of eRF and iRF
mapped for each tectal neuron. As summarized in Fig-
ures 3C and 3D, developmental refinement of eRFs and
iRFs was similarly impeded in both bicuculline- and di-
azepam-treated tadpoles, but not in tadpoles injected
with the vehicle solution (0.9% NaCl, 10% propylene
glycol). It appears that RF refinement in the treated ani-
mals occurred at a slower rate than normal. In drug-
treated tadpoles examined at stage 48, the average dis-
tance between the center of the paired eRF and iRFs
was significantly larger and the correlation between the
total synaptic drive of glutamatergic and GABAergic in-
puts was significantly lower than that in controls, with
bicuculline-treated tadpoles exhibiting more severe ef-
fects (Figures 3E and 3F). For bicuculline-treated tad-
poles, there was a significant decrease in the mean glu-
tamatergic ISC evoked by the unit stimulus and an
increase in the GABAergic ISC in stages 47 tadpoles
(Figures 3G and 3H). On the other hand, both gluta-
matergic and GABAergic ISCs were larger in diazepam-
treated tadpoles than in controls (Figures 3G and 3H).
These results cannot be accounted for solely by a ho-
meostatic regulation of synaptic strength caused by
chronic changes in neuronal excitation (Turrigiano and
Nelson, 2000; Liu, 2004) (see below). Coordinated
changes in excitatory and inhibitory inputs suggest in-
teractions between GABAergic and glutamatergic in-
Neuron
832Figure 3. Effects of Blocking or Elevating GABAA Receptor Activity
on the Refinement of eRF and iRF
(A and B) Sample RFs of four cells from stage 48 tadpoles that
have been injected with bicuculline (A) or diazepam (B) daily, begin-
ning from stage 40. (C and D) The average RF area for tadpoles
injected daily with bicuculline (“bic”), diazepam (“diaz”), and the
vehicle solution (“veh”). Bar = SEM. *Significant changes as com-
pared to the controls (p < 0.01, t test). N = 20–29 cells from six to
seven tadpoles in each group. (E and F) The effects of drug treat-
ments on the topography of RFs, displayed as in (C). (G and H)
FChanges in the total ISCs (G) or average ISCs (H) after the drug
Streatments. (Left) Excitatory inputs. (Right) Inhibitory inputs. *p <
(0.05, t test. Kolmogorov-Smirnov test shows normal distribution
mof data.
a
b
tTo further characterize the impact of GABAergic in-
l
puts on neuronal activity, both visually evoked and a
spontaneous spiking activities were recorded in cell- t
attached configuration before and after local perfusion w
eof either bicuculline or diazepam on the tectum. For
rvisual stimulus-induced responses, bicuculline applica-
ition led to an increase in the number of spikes and in
p
the duration of the spike train (Figure 4A), as expected t
for a reduced shunting inhibition by feedforward or m
feedback GABAergic inputs to the recorded neuron. 4
aChanges were also observed in the spontaneous firing
apattern after perfusion with bicuculline (Figure 4B1).
nThe high-frequency discharges (>100 Hz) were mark-
c
edly enhanced (Figures 4B2–4B3). While the average “
spike rate was increased only slightly (21%), the spon- N
taneous activity was transformed into a periodic burst- d
ting activity (Figure 4B1). Similar effect was observed in
m7/10 cells. In addition, the power spectrum of the firing
ipattern exhibited a larger 40 Hz component, which re-
b
flects the spiking frequency within the burst (data not
shown). This switch to a periodic bursting activity is
reminiscent of the synchronized bursting of neocortical
neurons following convulsant-induced disinhibition (Princeigure 4. Effects of Manipulating GABAergic Transmission on the
piking Activity of Tectal Cells
A) Spikes evoked by a dimming stimulus (duration 150 ms, onset
arked by the arrow head), as recorded by a loose-patch electrode
t the tectal cell soma, before and 10 min after local perfusion of
icuculline (10 M) on the tectum (stage 41). (B1) Traces of con-
inuous recording of spontaneous spikes under constant ambient
ight before and 15 min after bicuculline application (stage 42). (B2
nd B3) Distribution of interspike intervals (ISIs) before (B2) and af-
er (B3) bicuculline application, for the same cell shown in (B1). Data
ere from 8 min recording in each condition. Number of counts in
ach bin is normalized to the total number of spikes during control
ecording session before drug application. (C) Dimming stimulus-
nduced spiking before and 15 min after the perfusion with diaze-
am (10 M) in a stage 44 tadpole. (D) The effect of diazepam on
he spontaneous spiking (stage 42), displayed as in (B). (E) Sum-
ary of the acute effect of drug treatments. Tadpoles of stage 41-
7 were examined. Effects of treatment with each drug were similar
t different stages examined and data were pooled. (Left) The
verage total number of spikes evoked by the dimming stimulus,
ormalized to that before the drug (or vehicle) application (n = 7
ells for each group, 20 to 30 measurements in each condition).
Veh” is 0.1% propylene glycol in the external solution. (Middle)
ormalized average firing rate of spontaneous spikes (bic, n = 10;
iaz, n = 10; veh, n = 6) after the drug application. (Right) Percen-
age of high-frequency discharge of spontaneous spiking (ISI < 100
s) in the total number of spikes after the drug application, normal-
zed to that during control period. There is a 2-fold increase after
icuculline application. *p < 0.05, paired t test.
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833and Connors, 1984). Overall, bicuculline application led
to 1.5 ± 0.3 fold (n = 7) increase in the number of spikes
evoked by the visual stimulus (Figure 4E, left), 26% ±
6% (n = 10) increase in the average firing rate (Figure
4E, middle) and 2.1 ± 1.0 fold (n = 10) increase in the
component of high-frequency discharges (ISI < 100 ms)
(Figure 4E, right). In contrast to the effects of bicucul-
line, perfusion with diazepam resulted in a 43% ± 12%
(n = 7) reduction in the total number of spikes evoked
by the visual stimulus and a 25% ± 4% (n = 10) de-
crease in the average firing rate of the spontaneous
spiking activity (Figures 4C–4E). Application of vehicle
solution did not result in any apparent change in the
firing activity of the tectal cells (Figure 4E). Taken to-
gether, these results suggest that the impediment of
the developmental refinement of both glutamatergic
and GABAergic connections may be attributed to alter-
ations in the temporal pattern and/or the level of spik-
ing activity in the tectal neuron, as a result of either
increasing or decreasing GABAergic synaptic activity.
Discussion
In the present study, we have used the whole-cell, volt-
age-clamp recording method to isolate visual stimulus-
evoked excitatory and inhibitory inputs to the tectal cell
and examined developmental changes in the organiza-
tion of these inputs. We found that in more mature tad-
poles, excitatory and inhibitory synaptic drive evoked
by the same stimulus is balanced, with eRF and iRF
of the same neuron topographically matched. This is
reminiscent of the specific correlation between excita-
tion and inhibition found in adult mammalian sensory
cortices. In cat primary visual cortex, the excitatory and
inhibitory synaptic drive for most orientation-specific
neurons have similar tuning preference and tuning
width (Anderson et al., 2000; Martinez et al., 2002; Mo-
nier et al., 2003; Hirsch et al., 2003). For direction-selec-
tive simple cells, synaptic excitation and inhibition are
tuned for the same direction, but differ in relative timing
(Priebe and Ferster, 2005). Similarly, in rat primary audi-
tory cortex, excitatory and inhibitory tone frequency-
specific RFs have identical spectral tuning (Zhang et
al., 2003; Wehr and Zador, 2003; Tan et al., 2004), with
excitatory and inhibitory synaptic conductances exhib-
iting a linear correlation (Zhang et al., 2003). In the pre-
sent study, we showed that balanced excitation and in-
hibition of the tectal neuron emerges gradually during
development, and this developmental process requires
the presence of an appropriate level of GABAergic syn-
aptic activity in the tectum.
Matching of eRF and iRF may result from two devel-
opmental processes: formation and elimination of reti-
notectal and intratectal connections and changes in
synaptic strength of those connections. Consistent de-
lay in the onset of inhibitory CSCs, relative to that of
excitatory CSCs (Figure 1C), suggests that inhibitory
currents result from the activation of GABAergic intra-
tectal interneurons by RGC inputs. The initial mis-
matched topography of eRF and iRF at early stages
indicates that RGCs that contribute to the excitatory
and inhibitory activities in each tectal neuron belong to
largely nonoverlapping RGC populations. Develop-mental reduction of RF size is consistent with a gradual
pruning of retinotectal and/or intratectal connections,
although the reduction of the RF size of retinal neurons
may also contribute. Together, a matched topography
in a more mature tectum is achieved when the same
set of RGCs within the RF are responsible for both exci-
tation and inhibition of each tectal neuron. While the
precise contribution of circuit remodelling in the retina
remains to be determined, our results on tectal manipu-
lations of GABAergic transmission suggest that refine-
ment of connectivity within the tectum plays an essen-
tial role in the refinement of RFs of tectal neurons.
The developmental pruning and remodelling of reti-
notectal connections in the Xenopus visual system has
been well-documented. Previous recording of multiunit
spikes from retinal axon terminals showed that stage
44 tadpoles exhibit large RFs (100° or more), which be-
come progressively smaller in older tadpoles (Gaze et
al., 1974). Morphological studies showed that the axo-
nal arbors of individual retinal ganglion cells (RGCs)
cover a progressive smaller portion of the tectal neu-
ropil during larval development (Sakaguchi and Mur-
phey, 1985), in part as a result of the growth of the
tectum. As the tectum elongates caudally, due to cau-
dal-medial location of the proliferation zone, RGC ax-
ons from the nasal retina make corresponding shift of
their innervation caudally (Gaze et al., 1974). Thus the
refinement of retinotectal connections must also in-
volve a progressive shift in the center of the RFs. In our
study, we found a reduction in the total ISC for both
excitatory and inhibitory inputs (Figure 2F), as well as
in the frequency of spontaneous EPSCs (7.6 ± 0.7 Hz
at stage 44, 3.9 ± 0.5 Hz at stage 48, SEM, n = 20 in
each group) and IPSCs (Figure 2J), consistent with a
reduced number of retinal inputs to the tectal neuron.
Measurements of the amplitude of unitary EPSCs and
IPSCs, on the other hand, showed a significant
strengthening of glutamatergic synapses but a weaken-
ing of GABAergic synapses. Taken together, these re-
sults suggest that the refinement process involves the
elimination of earlier synaptic connections and estab-
lishment of new ones and the modification of the
strength of existing connections.
The strength of excitatory and inhibitory inputs to the
tectal neuron must be modified in a coordinated man-
ner so that a balanced excitation and inhibition can be
achieved in the mature tectum. We suggest that there
is a positive feedback mechanism that helps to
strengthen and stabilize those inhibitory inputs that
correctly match spatially and temporally with the excit-
atory inputs. Cortical and hippocampal GABAergic syn-
apses are known to be capable of detecting and can be
modified by coincident pre- and postsynaptic spiking
activity (Holmgren and Zilberter, 2001; Woodin et al.,
2003). This can serve as a potential mechanism for reg-
ulating the strength of GABAergic synapses in accor-
dance to that of glutamatergic inputs. Furthermore, the
results of bicuculline and diazepam experiments argue
that proper GABAergic activity is required for the coor-
dinated elimination and stabilization of excitatory con-
nections. Hebbian mechanisms involving coincidence
of synaptic inputs have been used successfully to
model the topographic refinement of excitatory inputs
(Willshaw and von der Malsburg, 1976; Miller et al.,
Neuron
834S1989). Topographic and functional matching of the ex-
scitatory and inhibitory connections reported here points
tto the existence of a feedback mechanism that allows
a
stabilization of those inhibitory inputs that contribute s
properly to the stabilization of correct excitatory inputs. 
hIn the mammalian visual cortex, maturation of inhibi-
Itory circuits promotes ocular dominance plasticity and
wsets the onset of the critical period (Hensch et al., 1998;
Huang et al., 1999; Hanover et al., 1999; Fagiolini and
l
Hensch, 2000). This may be achieved by inhibiting pro- s
longed discharges of immature neurons and thus o
pincreasing the temporal asynchrony of inputs from the
ptwo eyes (Feldman, 2000). In the present study, we
afound that both the reduction and the enhancement of
rinhibition produced a similar result, i.e., a delayed re-
c
finement of RFs. The importance of temporal patterns f
of spontaneous and evoked activity in the modification W
bof developing visual circuits is well recognized (Hubel
qand Wiesel, 1965; Stryker and Strickland, 1984; Schmidt,
t1991; Weliky and Katz, 1997; Schuett et al., 2001; En-
rgert et al., 2002; Zhou et al., 2003). We further speculate
r
that visual stimuli-induced GABAergic activity may i
sharpen the temporal resolution of tectal cell spiking t
mby shortening visual stimulus-evoked spike trains in the
Dtectal cell, thus promoting spike timing-dependent
Eplasticity of both excitatory and inhibitory connections
i(Dan and Poo, 2004). Such modulatory actions would
n
be severely disrupted by either prolonging the duration T
of spike trains with the bicuculline treatment or reduc- f
ning the total spiking activity with the diazepam treat-
sment. Further studies on the activity-dependent in-
steractions between excitatory and inhibitory synaptic
winputs may help to reveal general principles for the co-
o
ordinated functional/anatomical modification of excit- z
atory and inhibitory connections underlying RF refine- t
tment in the developing brain.
r
tExperimental Procedures
d
tTadpole Preparation
Xenopus laevis tadpoles were raised under room temperature
s(22°C), with 12 hr shift between light and dark. Tadpoles of Nieuw-
ckoop and Faber stage 40-48 were anesthetized with saline contain-
ting 0.02% MS222 (Sigma) and secured by insect pins to a sylgard-
wcoated dish and incubated in HEPES-buffered saline containing
d135 mM NaCl, 3 mM KCl, 3 mM CaCl2, 1.5 mM MgCl2, 10 mM
aHEPES, 10 mM glucose, and 0.005 mM glycine (pH 7.4). The skin
uwas removed and the brain was split open along the midline to
aexpose the inner surface of the tectum. A low dose of α-bungaro-
ctoxin (2 mg/ml) was applied to the bath to prevent muscle con-
(traction. Experiments were performed at room temperature, and
cthe bath was constantly perfused with oxygenated recording me-
wdium containing 118 mM NaCl, 3 mM KCl, 3 mM CaCl2, 1.5 mM
MgSO4, 1.25 mM NaH2PO4, 26 mM NaHCO3, 10 mM glucose, and
0.005 mM glycine. D
B
gElectrophysiology and Visual Stimulation
Tectal cells were patched under DIC optics. Micropipettes were 0
2made from borosilicate glass capillaries (Kimax), had a resistance
in the range of 2–3 M, and were tip-filled with internal solution A
aand then back-filled with internal solution containing 200 g ml−1
amphotericin B. The internal solution contained 110 mM K-gluco- n
lnate, 10 mM KCl, 5 mM NaCl, 1.5 mM MgCl2, 1 mM CaCl2, 20 mM
HEPES, and 10 mM EGTA (pH 7.3). Recording was made with a f
Dpatch-clamp amplifier (Axopatch 200A; Axon Instruments). The
whole-cell capacitance was fully compensated, and the series re- o
dsistance (10–20 M) was compensated by 75%–80% (lag 60 s).ignals were filtered at 2 kHz and sampled at 5 kHz using Axo-
cope software (Axon Instruments). For cell-attached recording,
he pipette was filled with internal solution without amphotericin,
nd loose seal was made. Electrical stimulation (0.5 ms voltage
tep) of RGC fibers was achieved through a glass electrode with 5
m opening that was placed on the retina close to the optic nerve
ead, after removal of the lens. For continuous recording of unitary
PSCs, a cesium gluconate-based internal solution was used for
hole-cell patch recording.
For RF mapping, the contralateral retina was flattened and stabi-
ized with a glass coverslip after removal of the lens. A small LCD
creen (from a virtual reality goggle, Sony, PLM-A35) was mounted
n the camera port of the microscope, allowing projection of com-
uter-generated images onto the retina (Engert et al., 2002). After
atching on a cell, the microscope was moved with manipulators
nd refocused on the retina. The diameter of the retina was in the
ange of 200–300 m. Visual stimulation and analysis software was
ustom-made LabVIEW software. For RF mapping, the entire field
or image projection (220 × 200 m) was divided into an 8 × 7 grid.
hite squares (corresponding to each element of the grid) over a
lack background were flashed for 1.5 s in a pseudorandom se-
uence, with 5 s intervals. Mapping was repeated two to three
imes for each clamping voltage. The reversal potential for Cl− cur-
ent (Ei) was determined at the beginning of the recording by the
eversal of spontaneous GABAergic synaptic currents as the hold-
ng potential was changed toward more positive values. We note
hat although Cl− currents may be depolarizing at the develop-
ental stages we examined (see Figure S1 in the Supplemental
ata available with this article online for developmental changes in
i), the overall effect of GABAergic inputs to the tectal neuron is
nhibitory, since the reversal potential for Cl− currents remains more
egative than the spiking threshold (around −30 mV in tectal cells).
he reversal potential for the glutamatergic currents (Ee) ranged
rom 0 to +5 mV. Visually evoked responses contained two compo-
ents (see Figure 1A), representing responses to the onset of visual
timulus (“On” response) or to the offset of the stimulus (“Off” re-
ponse). In the present study, we focused on the Off responses,
hich were usually larger than the On responses. Due to the devel-
pmental gradient in the tectum along the rostro-caudal axis (La-
ar, 1973), for consistency among different animals, cells at similar
ectal locations (in rostral half part of the tectum) were chosen for
he present study. In fact, we observed that more immature neu-
ons in caudal half of the tectum exhibited a smaller RF size than
hat of rostral half in stage 48 tadpoles (see Figure S2), possibly
ue to uneven projection of nasal versus temporal RGC axons in
he tectum (Gaze et al., 1974).
The RF was determined by the area within which the unit spot
timuli evoked consistent synaptic responses, determined by their
onsistent onset latencies and their averaged amplitude (three
imes larger than the standard deviation of the baseline activity
ithout visual stimulation). Spatial RF was represented in a pseu-
ocolor map with the color of each element representing the
verage integrated charge of CSCs evoked by the corresponding
nit stimulus. Integrated synaptic conductance (ISC) was defined
s Sg(t) × t, with t covering the entire response window. When the
ell was clamped at the reversal potential for excitatory currents
Vh = Ee), the synaptic currents were contributed only by inhibitory
onductance, thus gi(t) = I(t)/(Vh − Ei). The excitatory conductance
as similarly obtained.
rug Treatment
icuculline (1 mM in 0.9% NaCl), Diazepam (1 mM, 10% propylene
lycol and 0.9% NaCl), or vehicle solutions (10% propylene glycol,
.9% NaCl) were injected into the brain ventricle at a volume of 10–
0 l, starting from stage 40. Drugs were replenished every 24 hr.
ll drugs were from Sigma. Since the tadpole brain was opened to
llow access to tectal cells, and the ventricle was exposed to the
ormal external recording medium under constant perfusion for at
east 30 min before recording in each experiment, drugs applied
or chronic treatments were washed out before the RF mapping.
ue to technical difficulty of recording from tectal cells without
pening up the ventricle, we were unable to determine whether the
rug was pumped out or whether the drug effects on tectal cell
Developmental Matching of Excitation and Inhibition
835spiking would attenuate with time. However, we observed that the
drug effects on spontaneous tectal cell spiking persist after 1 hr of
exposure, indicating no desensitization over at least a period of 1
hr (Figure S3). Furthermore, after chronic drug treatment for 4 days
with daily injection of either bicuculline or diazepam, the sensitivity
of tectal cell spiking to acute application of drugs remains after the
injected drug was washed out by perfusing the exposed brain with
fresh medium (Figure S3C).
Supplemental Data
The Supplemental Data that accompanies this article can be found
at http://www.neuron.org/cgi/content/full/45/6/829/DC1/.
Acknowledgments
We thank Dr. Li Zhang for help in data analysis, Florian Engert and
Qiang Zhou for comments, and Cheng-Chang Lien for technical
assistance. This work was supported by grants from NIH (EY
36999). H.W.T. is supported by a NRSA (EY015019).
Received: September 17, 2003
Revised: June 28, 2004
Accepted: January 27, 2005
Published: March 23, 2005
References
Anderson, J.S., Carandini, M., and Ferster, D. (2000). Orientation
tuning of input conductance, excitation, and inhibition in cat pri-
mary visual cortex. J. Neurophysiol. 84, 909–926.
Ben-Ari, Y. (2002). Excitatory actions of GABA during development:
the nature of the nurture. Nat. Rev. Neurosci. 9, 728–739.
Ben-Ari, Y., Cherubini, E., Corradetti, R., and Gaiarsa, J.L. (1989).
Giant synaptic potentials in immature rat CA3 hippocampal neu-
rones. J. Physiol. 416, 303–325.
Chen, C., and Regehr, W.G. (2000). Developmental remodeling of
the retinogeniculate synapse. Neuron 28, 955–966.
Chen, G., Trombley, P.Q., and van den Pol, A.N. (1996). Excitatory
actions of GABA in developing rat hypothalamic neurones. J. Phy-
siol. 494, 451–464.
Cline, H.T., Wu, G.Y., and Malinow, R. (1996). In vivo development
of neuronal structure and function. Cold Spring Harb. Symp. Quant.
Biol. 61, 95–104.
Constantine-Paton, M., Cline, H.T., and Debski, E. (1990). Patterned
activity, synaptic convergence, and the NMDA receptor in de-
veloping visual pathways. Annu. Rev. Neurosci. 13, 129–154.
Debski, E.A., and Cline, H.T. (2002). Activity-dependent mapping in
the retinotectal projection. Curr. Opin. Neurobiol. 12, 93–99.
Eghbali, M., Curmi, J.P., Birnir, B., and Gage, P.W. (1997). Hippo-
campal GABA(A) channel conductance increased by diazepam.
Nature 388, 71–75.
Engert, F., Tao, H.W., Zhang, L.I., and Poo, M. (2002). Moving visual
stimuli rapidly induce direction sensitivity of developing tectal neu-
rons. Nature 419, 470–475.
Fagiolini, M., and Hensch, T.K. (2000). Inhibitory threshold for criti-
cal-period activation in primary visual cortex. Nature 404, 183–186.
Feldman, D.E. (2000). Inhibition and plasticity. Nat. Neurosci. 3,
303–304.
Gaze, R.M., Keating, M.J., and Chung, S.H. (1974). The evolution of
the retinotectal map during development in Xenopus. Proc. R. Soc.
Lond. B. Biol. Sci. 185, 301–330.
Hanover, J.L., Huang, Z.J., Tonegawa, S., and Stryker, M.P. (1999).
Brain-derived neurotrophic factor overexpression induces preco-
cious critical period in mouse visual cortex. J. Neurosci. 19, RC40.
Hensch, T.K., Fagiolini, M., Mataga, N., Stryker, M.P., Baekkeskov,
S., and Kash, S.F. (1998). Local GABA circuit control of experience-
dependent plasticity in developing visual cortex. Science 282,
1504–1508.Hirsch, J.A., Martinez, L.M., Pillai, C., Alonso, J.M., Wang, Q., and
Sommer, F.T. (2003). Functionally distinct inhibitory neurons at the
first stage of visual cortical processing. Nat. Neurosci. 6, 1300–
1308.
Holmgren, C.D., and Zilberter, Y. (2001). Coincident spiking activity
induces long-term changes in inhibition of neocortical pyramidal
cells. J. Neurosci. 21, 8270–8277.
Holt, C.E., and Harris, W.A. (1983). Order in the initial retinotectal
map in Xenopus: a new technique for labelling growing nerve fi-
bres. Nature 301, 150–152.
Huang, Z.J., Kirkwood, A., Pizzorusso, T., Porciatti, V., Morales, B.,
Bear, M.F., Maffei, L., and Tonegawa, S. (1999). BDNF regulates the
maturation of inhibition and the critical period of plasticity in mouse
visual cortex. Cell 98, 739–755.
Hubel, D.H., and Wiesel, T.N. (1965). Binocular interaction in striate
cortex of kittens reared with artificial squint. J. Neurophysiol. 28,
1041–1059.
Katz, L.C., and Shatz, C.J. (1996). Synaptic activity and the con-
struction of cortical circuits. Science 274, 1133–1138.
Lazar, G. (1973). The development of the optic tectum in Xenopus
laevis: a Golgi study. J. Anat. 116, 347–355.
Liu, G. (2004). Local structural balance and functional interaction of
excitatory and inhibitory synapses in hippocampal dendrites. Nat.
Neurosci. 7, 373–379.
Luhmann, H.J., and Prince, D.A. (1991). Postnatal maturation of the
GABAergic system in rat neocortex. J. Neurophysiol. 65, 247–263.
Macdonald, R.L., and Olsen, R.W. (1994). GABAA receptor chan-
nels. Annu. Rev. Neurosci. 17, 569–602.
Martinez, L.M., Alonso, J.M., Reid, R.C., and Hirsch, J.A. (2002).
Laminar processing of stimulus orientation in cat visual cortex. J.
Physiol. 540, 321–333.
Miller, K.D., Keller, J.B., and Stryker, M.P. (1989). Ocular dominance
column development: analysis and simulation. Science 245, 605–
615.
Monier, C., Chavane, F., Baudot, P., Graham, L.J., and Frégnac, Y.
(2003). Orientation and direction selectivity of synaptic inputs in
visual cortical neurons: a diversity of combinations produces spike
tuning. Neuron 37, 663–680.
Mueller, A.L., Taube, J.S., and Schwartzkroin, P.A. (1984). Develop-
ment of hyperpolarizing inhibitory postsynaptic potentials and hy-
perpolarizing response to gamma-aminobutyric acid in rabbit hip-
pocampus studied in vitro. J. Neurosci. 4, 860–867.
O’Rourke, N.A., and Fraser, S. (1990). Dynamic changes in optic
fiber terminal arbors lead to retinotopic map formation: An in vivo
confocal microscopic study. Neuron 5, 159–171.
Owens, D.F., and Kriegstein, A.R. (2002). Is there more to GABA
than synaptic inhibition? Nat. Rev. Neurosci. 3, 715–727.
Owens, D.F., Boyce, L.H., Davis, M.B., and Kriegstein, A.R. (1996).
Excitatory GABA responses in embryonic and neonatal cortical
slices demonstrated by gramicidin perforated-patch recordings
and calcium imaging. J. Neurosci. 16, 6414–6423.
Dan, Y., and Poo, M. (2004). Spike timing-dependent plasticity of
neural circuits. Neuron 44, 23–30.
Priebe, N.J., and Ferster, D. (2005). Direction selectivity of excita-
tion and inhibition in simple cells of cat primary visual cortex. Neu-
ron 45, 133–145.
Prince, D.A., and Connors, B.W. (1984). Mechanisms of epilepto-
genesis in cortical structures. Ann. Neurol. 16, S59–S64.
Rogers, C.J., Twyman, R.E., and Macdonald, R.L. (1994). Benzodia-
zepine and beta-carboline regulation of single GABAA receptor chan-
nels of mouse spinal neurones in culture. J. Physiol. 475, 69–82.
Sakaguchi, D.S., and Murphey, R.K. (1985). Map formation in the
developing Xenopus retinotectal system: an examination of gan-
glion cell terminal arborizations. J. Neurosci. 5, 3228–3245.
Schmidt, J.T. (1991). Effects of blocking or synchronizing activity
on the morphology of individual regenerating arbors in the goldfish
retinotectal projection. Ann. N Y Acad. Sci. 627, 385–389.
Schuett, S., Bonhoeffer, T., and Hubener, M. (2001). Pairing-induced
Neuron
836changes of orientation maps in cat visual cortex. Neuron 32, 325–
337.
Shu, Y., Hasenstaub, A., and McCormick, D.A. (2003). Turning on
and off recurrent balanced cortical activity. Nature 423, 288–293.
Stryker, M.P., and Strickland, S.L. (1984). Physiological segregation
of ocular dominance columns depends on the pattern of afferent
electrical activity. Invest. Ophthamol. Vis. Sci. 25 (Suppl.), 278.
Tan, A.Y., Zhang, L.I., Merzenich, M.M., and Schreiner, C.E. (2004).
Tone-evoked excitatory and inhibitory synaptic conductances of
primary auditory cortex neurons. J. Neurophysiol. 92, 630–643.
Turrigiano, G.G., and Nelson, S.B. (2000). Hebb and homeostasis in
neuronal plasticity. Curr. Opin. Neurobiol. 3, 358–364.
Wehr, M., and Zador, A.M. (2003). Balanced inhibition underlies tun-
ing and sharpens spike timing in auditory cortex. Nature 426,
442–446.
Weliky, M., and Katz, L.C. (1997). Disruption of orientation tuning in
visual cortex by artificially correlated neuronal activity. Nature 386,
680–685.
Willshaw, D.J., and von der Malsburg, C. (1976). How patterned
neural connections can be set up by self-organization. Proc. R.
Soc. Lond. B Biol. Sci. 194, 431–445.
Woodin, M.A., Ganguly, K., and Poo, M.M. (2003). Coincident pre-
and postsynaptic activity modifies GABAergic synapses by post-
synaptic changes in Cl- transporter activity. Neuron 39, 807–820.
Zhang, L.I., and Poo, M.M. (2001). Electrical activity and develop-
ment of neural circuits. Nat. Neurosci. 4 (Suppl.), 1207–1214.
Zhang, L.I., Tao, H.W., Holt, C.E., Harris, W.A., and Poo, M.M.
(1998). A critical window for cooperation and competition among
developing retinotectal synapses. Nature 395, 37–44.
Zhang, L.I., Tao, H., and Poo, M. (2000). Visual input induces long-
term potentiation of developing retinotectal synapses. Nat. Neu-
rosci. 3, 708–715.
Zhang, L.I., Tan, A.Y., Schreiner, C.E., and Merzenich, M.M. (2003).
Topography and synaptic shaping of direction selectivity in primary
auditory cortex. Nature 424, 201–205.
Zhou, Q., Tao, H.W., and Poo, M.M. (2003). Reversal and stabiliza-
tion of synaptic modifications in a developing visual system. Sci-
ence 300, 1953–1957.
